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Vanadium alloys have been proposed as structural materials for fusion reactors. 
Although favorable high-temperature properties and low neutron activation encourage its 
use, it must be used with a coolant that does not allow the addition of interstitial, 
embrittling impurities to the alloy. Liquid lithium is the only acceptable coolant known at 
the present time. Unlike behavior with other candidate coolants, the oxygen level in 
vanadium alloys decreases with time in the presence of lithium. 
In order to evaluate the thermal creep of this alloy in the presence of lithium, a set 
of internally pressurized tube specimens is being exposed to vacuum at another 
laboratory. To compliment this test, a similar series of specimens is being exposed to 
lithium in the present study. Deformation of the specimens is measured as a function of 
time and stress level and the results compared with the vacuum tests. The lower oxygen 
specimens, those in lithium, are exhibiting higher deformation, consistent with the lower 
strength resulting from reduced oxygen. 
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CHAPTER I 
INTRODUCTION AND GENERAL INFORMATION 
DETERMINATION OF VANADIUM ALLOY COMPOSITION 
Vanadium-base alloys are promising candidate materials for fusion reactor first­
wall and blanket structures. Advantages of these alloys are inherently low irradiation­
induced activity, good mechanical properties, good compatibility with lithium, high 
thermal conductivity and good resistance to irradiation-induced swelling and damage [ 1 ]. 
Scientists at Argonne National Laboratory have performed testing pertaining to 
determining the composition of what is known as the reference vanadium alloy, V-4Cr-
4Ti [2-6] for the United States Department of Energy Fusion Energy Science Program. 
Several tests were performed on a variety of alloys and the best performer was selected 
for further study. Vanadium alloys were chosen due to their higher thermal conductivity 
and lower thermal expansion coefficient when compared to steels. They also exhibit 
better corrosion resistance than steel in liquid lithium. A disadvantage to vanadium alloys 
is the relative difficulty to obtain them in large quantities. This raises the cost, and limits 
the availability when compared to steel. The physical characteristics are the primary 
concern when determining what the alloy will be under study. It is well known that 
vanadium alone is not strong enough for the proposed conditions in a fusion reactor. 
Most metals are weak when compared to their alloys. Determination of the species that 
will be alloyed with vanadium was not insignificant. 
The addition of titanium to vanadium in 0-20 wt% has been done to act as a 
strengthening agent, and as an oxygen scavenger [7]. Oxygen has a negative effect on 
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vanadium, so when titanium forms precipitates with oxygen it sequesters the oxygen. The 
oxygen is then removed from the matrix where it produces embrittlement. 
The addition of chromium to vanadium in 0-15 wt% has been done to act as a 
corrosion inhibitor, and a hardener [8]. The balance of Cr and Ti is what is considered· 
next under test conditions. 
In creep testing performed in a vacuum it was determined that V-4Cr-4Ti was 
inferior to V-10Cr-5Ti [3]. However, when irradiation induced embrittlement is taken 
into account, V-4Cr-4Ti is superior to V-10Cr-5Ti. It is further recommended that if 
higher creep strength is needed the concentrations of chromium and titanium should be 
limited to 5-7 wt% and 3-5 wt% respectively in order to retain the impact resistance of 
the low Cr and Ti alloys [5]. Alloys not containing chromium were determined to 
undergo less irradiation hardening and to have higher ductility after irradiation [ 4]. In 
order to experience high-temperature creep strength; it has been shown that 3-5 wt% 
chromium should be used [5]. The determination of the ductile-brittle transition 
temperature, or DBTT has also been determined [6]. The minimum DBTT for 
unirradiated, hydrogenated, and neutron irradiated V-Cr-Ti alloys is obtained for 
vanadium alloys containing 0-4 % wt Cr and 4-5 wt% Ti and a combined (Cr+ Ti) 
concentration of 4.6 to 8.4 wt%. The net effect is that these studies have selected and 
confirmed that V-4Cr-4Ti appears to be the best alloy for all of these conditions. 
Therefore, this report will be concerned with V-4Cr-4Ti as the test alloy for thermal 
creep determination in a lithium environment. 
2 
VANADIUM ALLOY, V-4Cr-4Ti 
The alloy V-4Cr-4Ti has been categorized as the reference vanadium alloy for the 
United States Fusion Energy Science Program. Alloy development and testing efforts 
have focused on impact properties as well as the effects of impurities and irradiation on 
its properties. During irradiation, the alloy is hardened from atomic displacements and 
from the production of hydrogen and helium from transmutations. Testing performed on 
this alloy includes the Dynamic Helium Charging Experiment [ 1,9], the Thermal Creep 
Experiment (10], and the Lithium Thermal Creep Experiment (11-13]. 
The Dynamic Helium Charging Experiment, or DHCE, is a complex irradiation 
experiment that involves testing the characteristics of the reference vanadium alloy to 
determine the effect of simultaneous generation of helium and neutron damage. This is 
accomplished by introducing the correct isotopic enrichment of 6Li in the irradiation 
capsule to generate 3He at the correct rate for a fusion device. It also introduces tritium to 
achieve the correct initial helium production rate [ l ]. Since this test enables 
determination of the combination of irradiation, helium absorption, and high temperature 
lithium effects, it is important to perform further testing to determine the effect of each 
individual parameter on the physical characteristics ofV-4Cr-4Ti in order to extrapolate 
behavior to longer times. 
The Thermal Creep Experiment isolated the effect of high temperature on thermal 
creep of the reference vanadium alloy. This test was performed in a vacuum environment 
and effectively eliminates the effects of irradiation, helium absorption, and lithium. 
This report addresses testing for the Lithium Thermal Creep Experiment, or 
L TCE and involves testing V-4Cr-4Ti at high temperatures in a lithium environment. The 
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Thermal Creep Experiment data are used as a control to compare the data from the L TCE 
and isolate the effect of high-temperature lithium on the reference vanadium alloy. 
THERMAL CREEP 
The strength of metals decreases with increasing temperature, but we will discuss 
thermal creep in general before discussing the effects of high temperature. It is important 
that we define the homologous temperature. This will allow us to more accurately 
describe what we mean by high and low temperature. The homologous temperature is 
simply the ratio of the absolute test temperature to the absolute melting point of the metal 
being tested. Therefore, a homologous temperature above 0.5 is considered high 
temperature, and below 0.5 is considered low temperature. Figure 1-1 shows a typical 
creep curve indicating the three stages of creep. During primary creep, decreasing creep 
rate is exhibited. This region is predominantly transient creep in which the creep 
resistance of the material increases by virtue of its own deformation. For low 
temperatures and stresses primary creep is the dominant creep process. Secondary creep 
is a period of nearly constant creep rate. This phenomenon is due to the relative balance 
of strain hardening and recovery. Thus secondary creep is usually referred to as steady 
state creep. The average value of the creep rate during secondary creep is called the 
minimum creep rate. The third region of the creep curve is called tertiary creep. This 
stage mainly occurs during constant-load creep tests at high temperature and high stress. 
Tertiary creep occurs when there is an effective reduction in cross-sectional area either 






Primary sreep Secondary creep 
---r-��-----rr----��-
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Time t
Figure 1-1 Typical creep curve showing the three stages of creep. 
Curve A, constant-load test; curve B, constant-stress test [14]. 
Creep is possible because obstacles to deformation can be overcome by the 
combination of stress and thermal fluctuations. As stated above, at low temperatures, 
primary creep dominates. This is primarily due to exhaustion of dislocations pinned by 
low activation energy defects. These dislocations are readily available in the metal, as 
well as point defects such as voids, interstitials, and substitution atoms by which they are 
pinned. The dislocation is considered to be low-energy when it has not yet encountered 
another defect. When two dislocations encounter one another, higher activation energy is 
required to continue the movement of the dislocations. The primary creep strains are 
caused by the initial application of stress that moves these low-energy dislocations. As 
these dislocations are exhausted, the only way creep can continue is by moving the 
5 
higher-energy dislocations. Therefore, the activation energy for the process continuously 
increases, and the creep rate decreases. 
It is important to make a distinction between the two curves, A and B, in Figure I­
I. For curve A, the caption shows that a constant load is used. This type of test is called a 
stress-rupture test. It is usually carried out to rupture of the specimen, and is the test 
designed for failure to occur within about 1 000h. Curve B is a true, constant-stress, creep 
test. Therefore it has no tertiary creep evident. These tests are usually run between 2000-
10,000h with strain less than 0.5 percent. It is apparent that the service time of the metal 
must be considered before determining the type of test to be performed. In our case, we 
are considering structural material for a fusion reactor. We would like to get as much 
time as possible out of the metal, but we must know what conditions will cause rupture. 
This experiment concentrates on determining the rupture time and has used pressurized 
tubes as the sample configuration. The advantages of this configuration will be discussed 
further in the next section. 
When creep occurs at high-temperature with an applied stress, it is important to 
note that time under conditions of stress must be considered. When considering lower­
temperature conditions, we were dealing with exhaustion of low activation energy 
dislocations and subsequent exhaustion of higher and higher activation energy 
dislocations. This is no longer occurring at higher-temperatures and stresses. The energy 
required to move a dislocation is readily available. While creep rates are dependent on 
temperature and stress they may also be functions of grain size, impurity level, prior 
strain history, prior heat treatment, method of manufacture, and even test environment 
[15]. At higher temperatures, Th greater than 0.7, diffusion mechanisms become 
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dominant. Vacancies diffuse under the influences of an applied stress to relieve the strain 
energy. Vacancies may move preferentially along grain boundaries, Coble creep, or at 
higher temperatures, through the lattice, Nabarro-Herring creep. A consequence of 
diffusion creep, which frequently results in grain boundary sliding, is that a larger grain 
size favors higher creep strength. 
PRESSURIZED TUBES 
The pressurized tube has been adopted as the principal specimen type for 
obtaining creep measurements [16]. This configuration allows us to apply a constant 
stress in the form of pressure to each of the specimens. The absence of a load train allows 
for the testing of multiple stresses at one temperature. The testing can then be performed 
in small batches of specimens and can investigate a wide range of stresses at any 
temperature. Creep is then determined by measurements of the diameter of the tubes. The 
length does not appreciably change during testing, which can be seen by performing a 
simple derivation from first principles [17]. The axial stress, Oa and the circumferential 
stress, Oc are represented in equations (1) and (2) in terms of the interior pressure, p, the 
radius, r, and the wall thickness tw. The radius is represented by a single value since the 
radius is much greater than the wall thickness. Therefore, we need not concern ourselves 
with inner or mean radii. Equations (1) and (2) may be easily derived from integration of 
the force acting on the wall of a cylindrical vessel. 
Oa =p r/ 2 tw 





Cfc = 2 O'a (3) 
The axial, circumferential and radial strains are represented in terms of the outward radial 
displacement, u, the radius, r, the increase of the length, L by o, and the decrease in wall 
thickness, tw by�-
ec = u/r 
Ea = o/L 
Er = - � f tw 
We can assume that the radial strain is zero in our thin wall approximation. So the 
circumferential and axial strains are 
Ee = ( Cf c - V Cf a ) ( E ) - I and 






where Cf c is the circumferential stress, O'a is the axial stress, Ee is the circumferential strain, 
Ea is the axial strain, v is Poisson's ratio, and E is Young's modulus. We can substitute 
equation (3) into equations (7) and (8) for Cfc. 
Ee = ( 2 Cf a - V Cf a ) ( E ) -I = ( 2 - V ) ( Cf a ) ( E ) - I and 
Ea = ( O'a - 2 V O'a ) ( E ) - I = ( 1 - 2 V ) ( O'a ) ( £ ) - I 
(9) 
(10) 
For plastic deformation, where volume is conserved, Poisson's ratio, v, is equal to 0.5. It 
then follows that the axial strain in equation (10) is zero. This means that circumferential 
strain is the only effect under study in the plastic regime. So, we can effectively measure 
the total strain by measuring the change in the diameter of the pressurized tube. In the 
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present experiment, a thin wall approximation was not used to relate internal pressure to 
stress in the tube wall. To achieve higher accuracy, a thick wall relation 






) ) ( 1 + b2 I r2 ) - P 0 (11)
where Oc is the circumferential stress, r is the radial coordinate, a and b are the minor and 
major radii, Pi is the internal pressure and PO is the ambient pressure [7]. 
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CHAPTER II 
EXPERIMENT AL PROGRAM 
SPECIMEN PREPARATION 
Specimens were fabricated from drawn tubing ofV-4Cr-4Ti from Teledyne Wah 
Chang Heat 832665. End caps of the same alloy were electron-beam welded in place, 
after which the tubes were annealed at 1000°C for one hour. This heat treatment doubled 
the grain size [18]. The internal pressure was attained by sealing a small hole in one end 
cap with a laser welder while the specimen was in a pressure chamber at the desired 
pressure of helium. The tubes were 25.4 mm in length by 4.57 mm in diameter with a 
0.25 mm wall thickness. A schematic of the tubes is shown in Figure II-I. Part A shows a 
typical end cap used by Japanese scientists, and part B shows a typical end cap used for 
specimens fabricated at Oak Ridge National Laboratory. For this study, the Japanese 
design is used. 
TESTING PROCEDURE 
The specimens were loaded into a rack built for this specific purpose. The rack 
can accommodate up to 16 specimens. Another rack was designed later in the project to 
expand the capacity to 24 specimens (Figure II-2). The rack is made of tantalum sheet cut 
to fit machined tantalum disks designed to fit within a retort. 
The specimens were held at test temperature in a retort ofTZM (Mo-0.5Ti-
0.08Zr) alloy with components ofTZM and Nb-lZr in order to contain the high-
10 






Figure 11-1 Schematic of pressurized tube specimen with different end cap designs. 
Diagram A shows a typical design used by Japanese scientists, and diagram B shows a 
typical design used at Oak Ridge National Laboratory. 
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Figure 11-2 Sample rack configuration for 24 pressurized tubes. 
temperature liquid lithium. The retort consisted of a 25.4 mm diameter TZM tube with 
caps and flanges of TZM welded in place. The flange on top uses a knife-edge seal of the 
CONFLAT® design with a mating flange ofNb-lZr for ease of welding a 4.0 mm Nb-lZr 
tube. The Nb-lZr tube led to a pressure transducer to monitor pressure as an indicator of 
tube rupture. A gasket of Nb-1 Zr was used for the flange seal. The retort is shown in 
Figure 11-3. The retort serves an additional purpose as prototype containment for a similar 
proposed test with the addition of tritium, which produces helium from W decay to 
simulate the generation of helium by (n, a) reactions in a fusion device. For this purpose, 
a quartz tube was added to serve as a barrier to diffusion of tritium. A thermocouple well 
12 
Thermocouple in 




Gauge to Monitor 
Tritium Containment 
....---- Molybdenum Li 
Containment Tube 
....,.._ ___ Quartz Tritium 
Barrier 
Specimen Region 
Figure 11-3 A schematic of the retort. 
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was incorporated into the retort cap so that a shielded thermocouple could be placed in 
close contact with the liquid lithium at the level of the specimens. 
The retort was situated in a glove box with a high-purity argon atmosphere 
(Figure 11-4). The glove box contained the furnaces for testing. The atmosphere provided 
multiple advantages to working with lithium. Since Li is highly reactive with oxygen, the 
argon atmosphere prevents loss and contamination of the liquid lithium. It also provides 
an extra level of safety in case of containment failure while the lithium is at elevated 
temperatures. The glove box had a continuously operating molecular sieve/copper 
purification system to maintain moisture and oxygen below 1.0 ppm. Nitrogen was 
expected to be maintained below 1.0 ppm by utilizing a Ti-sponge column heated to 
850°C. Nitrogen was not directly measured, but analysis for interstitial impurities 
Figure 11-4 The glove box with high-purity argon atmosphere. 
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performed on the vanadium specimens after testing confirmed atmospheric purity. The 
pressure in the retort was recorded at 120-300 second intervals in order to monitor 
rupture of the tube specimens and to monitor the seal in the retort. Since the retort was 
sealed, a step change in pressure while at temperature indicates the rupture of a specimen 
and subsequent release of its internal pressure. 
After the desired amount of time passed, the specimens were removed from the Li 
and subsequently from the argon atmosphere. The residual Li was removed with liquid 
anhydrous ammonia, followed by ethanol, followed by water. This sequence was used to 
prevent contamination by hydrogen [ 19]. Figure 11-5 shows the rack of specimens 
encased in solid Li. The specimens were ready for measurement after all residual lithium 
was removed. 
Figure 11-5 The rack with solidified lithium after removal from the retort, but before 
removal from the glove box. 
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MEASUREMENT PROCESS 
The tubes were measured using a non-contacting laser micrometer (Figure 11-6). 
A helical pattern of 500 measurements was made in the central 12. 7 mm of the tubes to a 
precision of ±250 nm. The average of the central 7 .6 mm was used for the measurement 
of creep, with the surrounding region used to evaluate end effects. Plots were made of the 
tube profiles to aid in interpreting the results. A sample plot is shown in Figure 11-7. For a 
complete list of all plots of test data, see Appendix A. 
The specimen tubes were measured prior to and following gas fill. The elastic 
deformation in the tubes was then used as an indication of leaking tubes. The post-fill 




























































































































































































































































































measurement was used as the zero point for the subsequent creep measurements. 
After removal of lithium, each tube was re-measured to determine any. changes in 
diameter. In the case of failed tubes and tubes that reached the point of non-uniform 
tertiary creep, the average measurements were no longer valid. In these cases, the 
maximum deformation was used as a measure of ductility of the material. A deformed 
tube is shown in Figure 11-8. 
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Figure 11-8 A pressurized tube showing visible deformation. 
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CHAPTER III 
RESULTS AND INTERPRETATION OF RESULTS 
DESCRIPTION OF DATA PLOTS 
Figure 11-7 shows a typical data plot as received from the non-contacting laser 
micrometer. The oscillatory behavior is due to two factors: precession of the specimen in 
the testing apparatus, and non-uniform circular structure of the specimens. The samples 
are placed in the micrometer stage vertically in pneumatic chucks. These chucks and an 
exaggeration of the tube placement are shown in Figure 111-1. Notice that the samples are 
much more likely to be placed in the chucks at an angle than perfectly vertical. This 
deviation from vertical is not visible to the naked eye. When the assembly then rotates 
during measurement, a precession occurs and is measured by the micrometer as a 
diameter fluctuation. Further oscillatory behavior is due to the fact that the tubes are 
never perfectly round, which further distorts the oscillations. 
There are other features visible in the data plots. Figure A-10 in Appendix A 
shows the normal oscillation but also has a change in amplitude. Near the ends the 
amplitude is greater than in the middle. The opposite effect can be observed in Figure A-
13 in Appendix A. These effects are related to the manufacturing of the specimens. In 
order to cut the specimens to the proper length, the operator may tighten a vice on one 
end or another of the tube then cut. This creates a distortion that is within the sensitivity 
of the micrometer. Recall that measurements are made to 2.54 nanometers. 
19 
A. B. 
Figure 111-1 Schematic of sample placed in the chuck. A more likely configuration is 
shown in A, and a perfectly vertical, unlikely configuration is shown in B. 
The analysis of results must also contain a method of removing outlier data. This 
can also be seen in Figure A-13. The beginning of the plot has some erroneous data 
associated with it that can be observed as spikes. An algorithm is incorporated which 
identifies and removes any measurements that are greater than two standard deviations 
from the mean. These measurements are replaced by the mean value. 
Figure A-17 in Appendix A shows a tube that has deformed near one end. This 
deformation is useful in that we can measure the ductility of the sample by measuring the 


















































































































































































































































































































COMPARISON OF DATA TO VACUUM TEST DATA 
Tabulated results of the lithium environment tests appear in Table III- I for 800°C. 
Stresses are reported in terms of effective uniaxial stress, and strains are reported as an 
effective mid-wall uniaxial strain. Uniaxial stress and strain are based on geometrical 
considerations. We can assume isotropic conditions since our crystalline structure is 
body-centered cubic, BCC. This simplifies our transformation from the biaxial condition 
to the uniaxial condition. 
Stress and strain calculations are performed on the tubes after measuring the tubes 
at least twice and correcting the average diameter for deviation from the standard 
diameter. The standard diameter is obtained from measuring a standard gauge pin after 
measurement of every five specimens. The data are then corrected to compensate for drift 
in the instrument. The percent strain is calculated by comparing this new diameter with 
the original diameter and talcing the percent change. We now wish to express our results 
in terms of effective uniaxial stresses and strains in order to compare results with 
standard creep results. 
Table 111-1 Creep data in terms of effective uniaxial stress and strain for V-4Cr-4Ti at 
800°C. 
Specimen Effective Stress, MPa Effective Strain, % 
Total Time 428h 688h 
VTA7 50 0.1456 0.3098 
VTA8 50 0.2304 0.4663 
VTA9 50 0.2133 0.4573 
VPBl 50 0.1940 0.2224 
VPB2 70 0.7450 0.8723 
VPB3 90 9.7730 11.2666 
22 
We can define a and bas the minor and major radii, a' and b' as the radii after 
deformation. The derivation of Gilbert and Blackburn will be followed [20]. The strain at 
the external diameter, Eb is 
Assuming conservation of volume, and rearranging we can get the mid-wall 
circumferential strain as 
� = [ ( b' +a')/ 2 - ( b +a)/ 2] * [ ( b +a)/ 2] -l 
Following numerical evaluation of these equations over a range of Eb values from 
10-5 to 10-1 showed that 
� = 1.15 Eb 
with an error of less than I percent. So the mid-wall circumferential strain is 





Where m0 is the measured change in diameter and D0 is the original external diameter. 
The effective strain, Ee at mid-wall is given by 
(16) 
where�, Ea, and Er are the circumferential, axial and radial strains respectively. For the 
conditions Ea = 0 and � + Er = 0, we obtain 
Ee = 2 / -.J ( 3 ) * �- (17) 
The result is a multiplication of 1.33 times m0 I D0• The calculation of effective stress is 
similarly performed using 
O'e = ( 2 r 112 * [ ( O'c - O'a )2 + ( O'a - O'r )2 + ( O'r - O'c )2 ] 112 = -,J ( 3 ) / 2 * O'c, (18) 
23 
where Oe, <Jc, Oa, and Or are the effective, circumferential, axial and radial stresses 
respectively. The percent effective strain is the value that we will compare to the Thermal 
Creep Experiment performed at Pacific Northwest National Laboratory in a vacuum 
environment. These comparisons are shown in Figures 111-3 to 111-5. 
A feature common to all of Figures 111-3 to 111-5 is the apparent absence of 
primary creep. In fact steady state, or secondary, creep is very short, and tertiary creep is 
initiated in a very early stage of testing. Notice that Figures 111-3 to 111-5 also show that 
regardless of temperature and internal pressure, the specimens tested in a liquid lithium 
environment show a significant increase in creep rate compared to tests in vacuum. This 
is not completely unexpected. When we look at free energy of formation versus 
temperature for various metal oxides (Figure 111-6) we see lithium oxide has a lower free 
energy than any stable vanadium oxide. This results in a reduction of the oxygen in the 
vanadium. This removal causes a softening effect that makes the vanadium less able to 
adjust to thermal effects (Figure 111-7). The important feature to Figure III-7 is the slope 
of the relative lines. The steeper the slope the higher the creep rate for each specimen. 
Oxygen introduces barriers to dislocation motion requiring higher activation energy for 
deformation. This plot also shows that zirconium oxide has even lower free energy than 
lithium oxide in this regard above about 1000°C. This data allows us to "purify" the 
liquid lithium before testing by introducing zirconium chips to the lithium and raising the 
temperature above 1000°C. This allows us to routinely remove any oxygen in the lithium 
leached from the vanadium. Since the zirconium oxide has higher free energy than 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































contaminating the lithium with oxygen. More important, nitrogen is removed by the same 
process. There is also evidence that oxygen concentration in the Thermal Creep Tests 
increased over the duration of the test, which adds to the disparity in test results between 
the two environments. This trend is shown in Figure 111-8. The addition of oxygen to 
vacuum tests is expected. As a vacuum test is run, oxygen is always present. The metal 
absorbs oxygen atoms that impinge on the specimen surface. Thus, the longer a vacuum 
test is performed the more oxygen will be built up in the vanadium. Recall that in a 
lithium environment, the free energy of the lithium oxide is lower than vanadium oxide. 
This means that the oxygen is preferentially distributed in lithium and results in lower 
oxygen concentrations in the vanadium. 
Plotting strain versus stress as shown in Figure 111-9 indicates a further 
comparison between lithium and vacuum environment tests. Expressing strain rate as a 
power law function of stress, 
(19) 
where dE / dt is the strain rate, cr is the stress, and A and n are constants. The stress 
exponent is usually in the range of 4 to 6 for pure metals and 2 to 4 for alloys in the 
regime of diffusion controlled dislocation climb creep [21]. Difficulty was experienced in 
expressing all of the data in the present study in the form of equation ( 19) because the 
material was constantly changing in strength properties as oxygen was removed. For this 



















































































































































































































































































































































































































































































































The creep behavior of V-4Cr-4Ti in a lithium environment has been determined 
within the stress range of 50-10 MPa at 800°C. Creep rates in a lithium environment are 
higher than those in a vacuum environment at 800°C. This is not unexpected due to the 
thermodynamics of the relative systems. Since oxygen concentration in the alloy is 
reduced in a lithium environment and increased in a vacuum, oxygen plays a major role 
in hardening the alloy in lithium. Because of this, tertiary creep initiates earlier in lithium 
than in a vacuum with a short steady-state creep region. 
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CHAPTERV 
RECOMMENDATIONS FOR FUTURE WORK 
While general trends can be deduced from current data, it is important to continue 
collecting data along the current track of this report. This is currently being done at Oak 
Ridge National Laboratory. It is also important to continue testing to separate the effects 
of neutron irradiation, helium generation, lithium environment and thermal exposure 
from the Dynamic Helium Charging Experiment (DHCE). Since the Thermal Creep 
Experiment is relatively complete, and has demonstrated the effects of thermal exposure, 
and this report on the Lithium Thermal Creep Experiment (L TCE) is ongoing, it is 
important to expand to Real-Time Helium Doping (RTHD) testing. This testing will 
isolate the combined effects of helium generation, lithium environment and thermal 
exposure, and complete the cycle of testing on the reference vanadium alloy, V-4Cr-4Ti. 
While it is important to continue testing the reference vanadium alloy, it may not 
be feasible to use it on a first-of-it's-kind fusion reactor because of availability and 
difficulty in fabrication. However, for the long run this reference vanadium alloy may be 
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This appendix contains the raw data plots of the measurements performed using 
the non-contacting laser micrometer. To save space, the three plots that were averaged for 
each test are overlaid on the same set of axes. This in no way causes us to lose 
information. Table A-1 and Table A-2 in this appendix also show the numerical data and 
modified averages at each temperature. The averages are taken by calculating the average 
of data within two standard deviations. 
T bl A 1 C 11 a e - o echon o f d"fi d mo 1 1e average 1ameters at 800°C
Description VPBl VPB2 VPB3 VTA7 VTA8 VTA9 
(mm) (mm) (mm) (mm) (mm) (mm)
Baseline Run # 1 4.561304 4.570354 4.37881 4.570027 4.560586 4.560580 
Baseline Run #2 4.561416 4.570428 4.538238 4.570097 4.560740 4.560656 
Baseline Run #3 4.561733 4.570770 4.538622 4.570424 4.561072 4.560960 
Baseline Average 4.561484 4.570517 4.538247 4.570183 4.560799 4.560732 
428 hrs Run #1 4.568083 4.598281 4.876663 4.575406 4.568773 4.568119 
428 hrs Run #2 4.568208 4.594002 4.866783 4.574961 4.568618 4.567958 
428 hrs Average 4.568146 4.596142 4.871723 4.575184 4.568696 4.568039 
688 hrs Run #1 4.569136 4.600444 4.922111 4.581011 4.576803 4.576486 
688 hrs Run #2 4.569133 4.600462 4.923180 4.580723 4.576776 4.576383 
688 hrs Run #3 4.569069 4.600603 4.922758 4.580713 4.576792 4.576338 
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